Precision calorimetry using highly granular sampling calorimeters is being developed based on the particle flow concept within the CALICE collaboration. One design option of a hadron calorimeter is based on silicon photomultipliers (SiPMs) to detect photons generated in plastic scintillator tiles. Driven by the need of automated mass assembly of around ten million channels stringently required by the high granularity, we developed a design of scintillator tiles directly coupled with surface-mounted SiPMs. A cavity is created in the center of the bottom surface of each tile to provide enough room for the whole SiPM package and to improve collection of the light produced by incident particles penetrating the tile at different positions. The cavity design has been optimized using a GEANT4-based full simulation model to achieve a high response to a Minimum Ionizing Particles (MIP) and also good spatial uniformity. The single-MIP response for scintillator tiles with an optimized cavity design has been measured using cosmic rays, which shows that a SiPM with a sensitive area of only 1 × 1 mm 2 (Hamamatsu MPPC S12571-025P) reaches a mean response of more than 23 photon equivalents with a dynamic range of many tens of MIPs. A recent uniformity measurement for the same tile design is performed by scanning the tile area using focused electrons from a 90 Sr source, which shows that around 97% (80%) of the tile area is within 90% (95%) response uniformity. This optimized design is well beyond the requirements for a precision hadron calorimeter.
I. INTRODUCTION
T he precision physics at future linear collider experiments including Standard Model measurements and searches for new physics beyond the Standard Model requires unprecedented reconstruction capabilities of di-jet and multi-jet final states. The desired jet energy resolution σ E /E = 30%/ √ E can be achieved by particle flow algorithms, which will in turn require highly granular calorimetry with all readout electronics fully integrated into the detector volume [1] . One option of highly granular hadron calorimeters developed within the CALICE collaboration uses small and thin plastic scintillator tiles individually read out by silicon photomultipliers (SiPMs) [2] . As high granularity will lead to a large number of channels, the implementation of around ten millions scintillator tiles and SiPMs in the final hadron calorimeter is challenging and can only be feasible via automated mass assembly. Surface-mounted SiPMs (SMD-SiPMs) are an ideal candidate for this goal since they are more tolerant in mechanical positioning than SiPMs with pins (THT-SiPMs, where THT stands for Through-Hole Technology). We have also observed that part of a scintillator tile was melted during machine soldering of a THT-SiPM which was beforehand glued into the side surface of the tile [3] , which also makes the mass assembly of THT-SiPMs more challenging.
But directly coupling an SMD-SiPM to an intact scintillator tile does not result in an adequately uniform spatial response. There have been efforts of shaping a cavity in a scintillator tile to improve the response uniformity [4] , [5] . We have studied further on how the geometry and surface properties of a cavity influences light collection and developed a dedicated cavity design for a given SiPM package based on the GEANT4 full simulation. In our design, an SMD-SiPM can be directly soldered onto a readout Printed Circuit Board (PCB) and fully placed inside a cavity. Therefore, all SiPMs can be soldered in the same way as other standard SMD-components for the PCB. After the mass soldering process, tiles can then be directly placed on top of SiPMs individually, which would be feasible via automated mass assembly. Such a design aims to achieve both high response to incident particles and good spatial response uniformity.
Herein we first present simulation results of an optimized cavity design, followed by cosmic-ray measurements for the response of a scintillator tile using the same cavity design to Minimum Ionizing Particles (MIPs). Finally response uniformity measurements for the cavity design using a radioactive source to scan the whole tile area are summarized.
II. SIMULATION STUDIES FOR THE CAVITY OPTIMIZATION
In order to study and optimize the cavity design, a GEANT4-based full simulation model has been built, including all related physics process, such as scintillation, transportation and optical boundary processes. Detailed geometry descriptions of a scintillator tile with a cavity and a SiPM package have been implemented. The emission spectrum of a chosen scintillator (BC408) as well as the photon detection efficiency (PDE) of a SiPM candidate (Hamamatsu MPPC S12571-025P) at different photon wavelengths are interpolated based on data sheets respectively. The wavelength-dependent MeV electrons perpendicularly penetrating the tile reflectivity of two types of 3M reflective foil (ESR and DF2000MA) wrapped around the tile is also taken into account, based on two independent measurements [6] , [7] . The size of each tile is 30 × 30 × 3 mm 3 , as required by the aforementioned high granularity. In the simulation, placing a cavity in the center of the tile surface shows better response uniformity than along a side or in a corner. Among several different shapes, a dome-shaped cavity is chosen, which shows promising response uniformity and simplifies shaping of the cavity via mechanical drilling and polishing. Different geometry parameters of the dome (i.e. dome height and dome diameter on the bottom surface) and surface properties for both the tile and the cavity (i.e. polished or ground) have been varied in the simulation, which turns out that polished surfaces of the tile and the cavity can improve response uniformity. Geometry parameters of the dome have been chosen as shown in Fig. 1 , which ensures enough space for the SiPM package without degrading response uniformity.
In order to be comparable with later uniformity measurements using a beta source, low-energy electrons (2.28 MeV) have been used in the simulation to scan the tile area (30 × 30 mm 2 ) in a 0.5 × 0.5 mm 2 step size. A twodimensional histogram of simulated response uniformity is shown in Fig. 2 , where a single colorful point represents the mean response for electrons passing through this area. The global mean response across the tile area is around 22.0 p.e. (photon equivalents) and 97.1% (80.8%) of the tile area is within 10% (5%) deviation from the mean value. 
III. COSMIC-RAY MEASUREMENTS
We have constructed in Mainz a customized cosmic-ray test setup for measuring responses of scintillator tiles to muons, which are ideal candidates of MIPs. One of tiles under test is placed between two trigger scintillators coupled to two PMTs by light guides. The coincidence of two trigger signals ensures a muon track passing though the tile and also constrains the incident angle of each muon.
The SMD-SiPM module MPPC S12571-025P has a sensitive area of 1 × 1 mm 2 with 25 μm pixel pitch. One such SMD-SiPM is soldered onto a readout PCB and a scintillator tile is fixed on top of the PCB. With the optimized cavity design, this SiPM detected 23.2 p.e. on average to a muon, as shown in Fig. 3 . As a reference, a tile using the side-surface design [8] is also measured in this setup using a SiPM KETEK PM1125NT, which shows a mean single-MIP response of 23.5 p.e., as shown in Fig. 4 .
Tab. I lists mean single-MIP responses to muons of different configurations, where the mean N p.e. is obtained by fitting a SiPM charge spectrum using a Landau convoluted with Gaussian distribution. The gain used in the fitting was extracted from SiPM dark count spectra. Two SiPMs were both operated in the same environment (temperature controlled to be 21.2 ± 0.5 • C) and at suggested overvoltages (around 3.0 V above the breakdown voltage respectively).
The optimized cavity design using a relatively smaller sensitive area can reach a similar single-MIP response as the side surface design. This single-MIP response is high enough to suppress the SiPM dark counts with negligible efficiency loss. With all 1600 pixels in the SMD-SiPM, it can also detect many tens of MIPs which ensures a large dynamic range. 
IV. UNIFORMITY MEASUREMENTS
The response uniformity of an SMD-SiPM inside the cavity of a scintillator tile has been measured in a dedicatedly designed test stand in the Max Planck Institute for Physics in Munich with a 90 Sr source [9] . The beta source and a cubic trigger scintillator, which were mounted on a highprecision motorized translation stage, can be finely moved together horizontally. A scintillator tile under study was fixed and placed between the source and the trigger scintillator. The trigger cube, which is read out by a SiPM, helps to select a fraction of electrons with higher energy, which can completely pass through the tile under study. More than 6 p.e. were required to be detected at the trigger SiPM during measurements. Uniformity scans were accomplished by horizontally translating the source in a fine step size of 0.5 × 0.5 mm 2 .
Results of one uniformity scan for the optimized cavity design are shown in Fig. 5 , which show around 97.1% (80.8%) of the tile area is within 10% (5%) deviation from the average response of 20.6 p.e. to electrons. The blue ring pattern in the center of the uniformity map has been studied in the simulation; it is due to the combination effects of the SiPM non-sensitive package and a round hole cut in the center of the reflective foil for the SiPM package, where relatively more photons are absorbed.
The uniformity measurement shows excellent response uniformity of the optimized cavity design and it is consistent with the prediction from the Geant4-based full simulation model.
V. SUMMARY AND OUTLOOK
Based on GEANT4 full simulation studies, we have developed a cavity design for scintillator tiles which ensures high light collection efficiency and uniform response across the tile area. Cosmic-ray and uniformity measurements performed afterwards show an adequately high single-MIP response, a large dynamic range to detect many tens of MIPs and excellent spatial response uniformity, which is consistent with the full simulation. In this design, the SMD-SiPM package (Hamamatsu MPPC-S12571-025P) can be directly soldered onto a readout PCB and be fully placed inside the cavity, which is suitable for the automated mass assembly of a future precision hadron calorimeter.
The design and assembly of a 144-channel hadron calorimeter base unit (SMD-HBU) based on this design have been finished successfully. We plan to test this SMD-HBU extensively in an upgraded cosmic-ray test stand and in beam facilities to evaluate its performance.
Lately a new low-crosstalk SiPM prototype from Hamamatsu has been characterized at a stable temperature (21.0 • C). Preliminary results show that the typical dark count rate (DCR) is reduced significantly (33 kHz) and the typical crosstalk probability is low (< 1%) due to the trench design. As a comparison, the current module (Hamamatsu MPPC-S12571-025P) has a typical DCR of 100 kHz and its cross-talk probability is much higher (23%). This new SiPM would be a promising photosensor candidate for the future scintillatorbased hadron calorimeter.
